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xABSTRACT
Srinivasan, Mithun M.S.M.E, Purdue University, December 2016. Investigation of
Thin Film Thermal Transport using Micro-Raman Thermometry and Tip Enhanced
Raman Spectroscopy . Major Professor: Xianfan Xu, School of Mechanical Engi-
neering.
In recent years, a steady increase in the need for packing more energy in smaller
devices had driven the need for better understanding of thermal transport in thin films
and designing methods to manipulate them. This can be attributed as the reason for
numerous efforts made in the past decade to achieve measurement resolution at nano-
scale. Such techniques can help us in understanding the thermal conductivity of thin
films which can result in an improved performance of these devices. The temperature
probing technique must be non-invasive to avoid damaging the vulnerable thin films,
fast to study the energy transport and should high reliability.
In this work, a thermal measurement system based on Raman spectroscopy is de-
scribed in detail. The micro-Raman thermometer provides a non-contact, optical and
reliable method to measure thermal conductivity of thin films. Thermal conductivity
of thin films of two-dimensional materials and topological insulators were determined.
Bismuth-Antimony-Telluride-Selenide material group was studied in detail because of
high figure of merit,ZT value in room temperature and effect of topological surface
state at thin films. The bulk electron thermal conductivity of Bi0.1Sb1.9Te3 alloy
was determined. The Lorenz number for the thermoelectric material was extracted
by measuring samples with varied electrical conductivity. The change in thermal
conductivity of Bi2Te2Se with respect to thickness was evaluated which showed an
enhanced thermal conductivity as thickness reduces.
To improve the spatial resolution of the micro-Raman thermometer, the Ra-
man spectrometer was combined with an atomic force microscope to provide a side-
xi
illumination Tip enhanced Raman spectrometer. The TERS setup established was
tested using bismuth telluride and brilliant cresyl blue (BCB) for enhancement. The
challenges in achieving a significant enhancement in Raman signal is discussed and
efforts were made to overcome them. The enhancement obtained was much pro-
nounced for BCB when compared to Bi2Te3. The enhanced Raman signal intensity
is calibrated to achieve temperature sensing.
11. INTRODUCTION
For more than few decades now, we have seen an exponential increase in technology
on the micro- and nano-scale realm. The ubiquitous presence of electronic devices and
the push to pack more energy in small areas have paved the way to the fast evolution
of nanotechnology in recent years. In accordance with the growth in technology, the
emergence of new technologies which aid in characterization and analysis at nano-scale
has been the need of the hour. The need for improved power density in these nano-
scale devices brings up the need for enhanced heat transfer and thermal management
issues.To understand and manipulate the thermal conductivity at the nano-scale level,
we need a high resolution thermal probe. Many optical methods which have been
widely used at a macroscopic level are rendered useless because of the diffraction
limit of light. Near field Scanning optical microscopy (NSOM) overcame this limit
by limiting the size of the light source with an aperture. Furthermore, aperture-less
NSOM pushed the resolution limits to the molecular level by using sharp metal tip of
the order of 10nm. In the context of this work,Raman spectroscopy is established and
developed as an accurate and reliable thermometer to study the thermal transport
in thin films.Tip Enhanced Raman Spectroscopy (TERS) which promises a single
molecule resolution is used as a tool to enhance the resolution of the existing micro-
Raman thermometry technique.
1.1 Diffraction Limit
Optical Resolution, defined as the minimum distance between two points in order
to clearly distinguish them from one other, is limited by the diffraction limit. In
1873, Ernst Abbe identified that the optical resolution is not limited by the quality
of the instrument, but by the wavelength of the incident light and the size of the
2aperture used. The wave nature of the light results in diffraction when light interacts
with optical systems, the spatial resolution of the optical system is thus limited to
approximately λ/2 where λ is the wavelength of light.
Light focused by an objective will form a concentric circular pattern of high and
low intensity on the focal plane called the Airy Disk. For a particular wavelength λ,








Where r is the distance between two points that can be distinguished or the radius
of the central bright spot in the airy disk, n is the refractive index of the medium, θ is
the angle of collection of the objective and the n sinθ term in the denominator can be
collectively termed as Numerical Aperture (NA). The use of high NA lenses can thus
improve the resolution, but maximum NA possible is usually limited to 1.4-1.6 (oil-
immersion lenses). In 1896, Rayleigh proposed that the resolution of a diffraction








Rayleighs Criterion provides the minimum distance when the principal diffraction
maximum from one-point source overlaps the first minimum of the other point source.
Thus considering a case where a high NA objective of 1.5 and a 400nm wavelength
light source is used, the highest possible resolution would be 133nm by Abbes estimate
and 163nm by Rayleighs Criterion. Considering the aberrations in the optical system
it is generally considered that the achievable resolution is λ/2 and hence for the above
case it is 200nm . Such a limitation on the resolution of optical microscopy affects its
applications to study the characteristics at a molecular level.
1.2 Near Field Scanning Optical Microscopy
Near-field Scanning Optical Microscopy (NSOM) overcomes the diffraction limit
of the conventional optical microscopy by creating a point source smaller than λ/2.
3Figure 1.1. Evolution of Optical Microscopy:(a) Diffraction lim-
ited far-field focusing using a lens.(b)Aperture-type scanning near-
field optical microscope.(c) Tip-enhanced near-field optical mi-
croscopy.Reprinted with permission from (Hartschuh, 2008). Copy-
right(2008) Wiley-VCH Verlag GmbH Co.
In 1928, Synge conceptualized the idea for NSOM. He proposed that two particles
separated by a sub-wavelength distance can be resolved by illuminating one spot
through a pinhole punched on a metal plate and placed at the near-field region of the
particles.
Detection of the fading evanescent waves is the reason for the increased resolution
observed in near field optics. In conventional optical microscopy the objective collects
information in the free propagating waves and are hence subject to diffraction limit.
By Fourier optics we know that any wave propagating through a finite cross-section
will also possess a non-propagating component. The non-propagating component is
called the evanescent waves. Evanescent meaning tending to vanish as these waves
decay exponentially with distance from the interface at which they are formed. Near
field optics breaks the diffraction limits by detecting the strongly localized evanescent
waves.
In 1984, Pohl et al., and Lewis et al., both independently realized NSOM using
visible light which led to a spree of subsequent developments in the following years.
Many high resolution imaging techniques were developed such as illumination mode
(Pohl et al., 1984; Lewis et al., 1984) , collection mode (Betzig et al., 1987) and scan-
4ning tunneling microscope (Courjon et al., 1989). All these methods used an aperture
and were termed as Aperture NSOM, where the light from the source is transformed
into evanescent wave by passing it through a small aperture. This localized evanescent
wave then probes the subject to attain a high resolution image. High NA lenses were
used to collect the scattered light. Aluminum-coated tapered glass tip (Betzig et al.,
1991) and atomic force microscope (AFM) cantilever (Van Hulst et al., 1993) with
aperture were used as tips for aperture-NSOM. When incident light of wavelength λ
propagates through n aperture of diameter a, the transmission coefficient is propor-
tional to (a/λ) (Bethe, 1944; Bouwkamp, 1950). This translates into a loss of signal
intensity by a factor of 10000. Increasing the intensity of the input can overcome
this loss but it will in-turn result in heating problems near the tip (Kavaldjiev et al.,
1995).
The shortcomings of the aperture- NSOM were overcome by apertureless- NSOM,
where incident light irradiates a probe tip and external optics are used to collect
the scattered optics. The resolution of apertureless- NSOM is directly proportional
to the tip radius, which can be as sharp as 10nm and it provides a better spatial
resolution. Metal tips are preferred over dielectric as probe as they result in a strong
metal-sample interaction via resonant surface plasmon coupling. While the use of
dielectric tips provides better wear and corrosion resistance and higher resolution due
to small tip radius. Excitation of localized surface polariton induces a strong field
enhancement of the order of 10-1000 times of the incident light. The enhancement
also depends on the polarization of the incident wave. The p-polarized electric field,
transverse magnetic mode, causes pronounced enhancement when compared to the
s-polarized electric field.
1.3 Surface Enhanced Raman Spectroscopy
Raman spectroscopy is widely used for obtaining information regarding the chem-
ical and molecular nature of the sample. It can also be used a viable tool to detect
5vibrational modes and as a temperature sensing tool. The use of Raman spectroscopy
for nano-scale characterization suffers from the low scattering cross-section of the or-
der of 10−30 cm2. The low scattering cross-section is amplified by Surface Enhanced
Raman Scattering (SERS) effect. SERS is an aperture-less technique that enhances
the scattering by increasing the Raman cross-section up to 1015 by adsorbing a noble
metal near the sample. Theoretically, when dimer of two suitable particles are illumi-
nated a strong EM field is induced in the space between them (Xu and Ka¨ll, 2002).
When the incident electro-magnetic radiation falls within the resonant frequency of
the conduction electrons in a metallic nano-structure, strong localized electromagnetic
fields are generated due to the localized surface plasmon resonance (LSPR). The inten-
sified EM field when scattered by the SERS particle, leads to an increase in intensity of
the inelastic Raman scattering as the magnitude of the induced dipole increases. The
maximum enhancement for SERS appears to be on the order of 1010− 1011. Hence,it
is possible to use SERS to achieve single molecule resolution (Nie and Emory, 1997).
The enhancement of SERS can be attributed to two mechanisms, chemical and
electromagnetic (EM) enhancements (Ueba et al., 1982). To understand the elec-
tromagnetic enhancement, elaborate theoretical modeling have been carried out. A
simplified model (Schatz and Van Duyne, 2006) , considers an isolated sphere of the
nano-particle,with an incident electromagnetic field. The relation thus obtained is,
E2 α E20
∣∣∣∣ m − 0m − 20
∣∣∣∣2 (1.3)
where, E is the electric field magnitude at the surface of the sphere, E0 is the
incident field magnitude,m is the wavelength-dependent dielectric constant of the
metal sphere and 0 is the dielectric constant of the vicinity around the sphere.It is
evident from the relation that when m = −20, which can be achieved for silver and
gold at wavelengths between the visible and near-IR region, the magnitude of the
electric field increases. Thus the field enhancement is induced by satisfying the LSPR
condition. It has been proven that the field enhancement observed in SERS varies
with the aspect ratio and shape of the nano-particle (Kelly et al., 2003).
6Despite the promise of a superior enhancement, SERS does have few drawbacks
that prevents it from being used as a spatially resolved quantitative analysis. The
SERS effect is mainly limited to metals such as silver, gold and copper. The emergence
of hot-spots to enhance the signals results in an atypical adsorption and the SERS
spectra may not be representative of the entire sample. The enhancement is heavily
dependent on the roughness,size and shape of SERS particle and hence may vary
across the sample. Such inhomogeneity in SERS reduces its applications in nano-
scale Raman spectroscopy.
1.4 Tip-Enhanced Raman Spectroscopy
SERS uses a cluster of nano-particles to contribute to the overall enhancement, it
has been realized that a single particle can also enhance the field considerably(Barber
et al., 1983).Wessel proposed the idea of using metal tip for near field imaging to elimi-
nate the inhomogeneity of the SERS.(Wessel, 1985). This evolved into using scanning
probe microscopy (SPM) to scan the sample with the tip. Tip-enhanced Raman Spec-
troscopy(TERS) is thus the combination of a SPM and Raman spectroscopy resulting
in an enhancement similar to SERS. Atomic force microscope (AFM), Scanning tun-
neling microscope (STM) or a shear force microscope can be used as the scanning
device for TERS. The localized enhancement provided by metal nanoparticles in
SERS is replaced by the metalized probes in TERS. This removes the inhomogeneity
of the spectrum obtained as the enhancement from TERS is representative of the
entire sample. The probe used in TERS acts as an optical antenna that enhances
both the incident and emitted electric fields.
Stockle et al., is attributed with the distinction of having published the first work
on TERS. He had studied C60 molecules and BCB molecules deposited on glass which
is illuminated as an inverted microscope and a silverized AFM tip is used (Sto¨ckle
et al., 2000). The enhancement obtained was recorded successfully by obtaining the
Raman spectrum of the sample without AFM tip and when the tip is in contact with
7Figure 1.2. The first reported tip-enhanced Raman spectrum of a
BCB thin film. The red Raman spectra are measured with the Ag-
coated tip in contact and blue spectrum with the tip from the sample.
The observed spatial resolution is around the diameter of the tip apex
(50 nm) (Sto¨ckle et al., 2000).
the sample. They estimated an enhancement factor of approximately 104. Anderson
followed a similar method but used a gold coated AFM cantilever tip to achieve
enhanced Raman scattering from thin films of Sulphur on quartz slide (Anderson,
2000). Raman signal was detected only from the region of the illuminated tip while
25µm away no signal was detected. Anderson also claimed an enhancement of 104.
Pettinger group were the first to use a STM combined with a Raman microscope.
The tip is an Ag wire and the sample is a monolayer of BCB on gold film deposited
on glass (Pettinger et al., 2002).
Raschke et al. and Pettinger et al. were the first to report a single molecule TERS
detection. Both the groups used malachite green and malachite green isothiocyanate
adsorbed on gold films(Pettinger et al., 2005; Neacsu et al., 2006). Both cases suffered
8Figure 1.3. The enhanced EM field intensity confined at the tip-apex.
The red color represents the higher intensity of the EM field.The image
is a simulation using COMSOL of an incident p-polarised laser with
electric field (E) parallel to the tip-axis.The tip radius being 15nm.
Reprinted with permission from (Kumar et al., 2015).
from fluctuation in signal intensities. Also due to photo-decomposition discrete signal
losses were observed. Steidtner and Pettinger performed TERS experiments in Ultra
High Vaccuum (UHV) which overcame the fluctuations seen in single molecule TERS
(Steidtner and Pettinger, 2008).
The fabrication of tips that exhibit a consistent TERS enhancement is one of the
greatest challenges today. This has forced improvement in nano-fabrication methods
to control the tip geometry (Williams and Roy, 2008; Ren et al., 2004). It has
been reported that a temperature rise in the order of three due to the strong local
enhancement in the region confined below the tip(Downes et al., 2006). In recent
years efforts have been carried out to study the temperature of the tip and heat
transfer from the tip to the sample (Zhang et al., 2008).
91.5 Outline and Objective of this Report
This report first summarizes the efforts made to study the thermal transport in
thin films using Raman thermometry. The micro-Raman thermometer is introduced
in the Chapter 2 along with the heat transfer model to determine the thermal con-
ductivity of Bi-Sb-Te alloy thin films. The lattice thermal conductivity and electron
thermal contribution to the conductivity of these 2D materials were determined. The
role of bulk electrons in the in-plane thermal transport is analyzed. This technique
was further extended to study the contribution of surface states in the novel Topo-
logical Insulators as in the Bi-Sb-Te-Se alloy.
In Chapter 3, tip-enhanced Raman spectroscopy was used to improve the res-
olution of the already established micro-Raman thermometer. The instrumenta-
tion,alignment and sample preparation is elaborated. The results obtained in using
TERS to study the Bismuth Telluride indicated issues with heating and signal in-
tensity. Brilliant cresyl blue (BCB) was used to validate the enhancement obtained
from the Au/Si Tip used. Further studies and suggestions are made to use TERS in
mapping the temperature at nano-scale.
Finally, Chapter 4 summarizes the efforts with concluding remarks and suggestions
for future work.
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2. MICRO RAMAN THERMAL MEASUREMENT OF THIN FILMS
Micro-Raman Thermometry is an optical non-contact technique that can be applied
to determine the in-plane thermal conductivity of thin films with sub 100nm thickness.
In this chapter, micro-Raman Thermometry technique is elaborated (Long, 2002) and
used to evaluate the thermal conductivity of the thin films of Bi-Sb-Te-Se material
family. The efforts and contribution of Dr.Zhe Luo are duly acknowledged in the
thermal transport studies explained in this chapter.
2.1 Introduction to Raman Spectroscopy
When light interacts with solid crystal lattice, most of the incident radiation is
transmitted without change, but some of the photons are scattered in elastically.
When monochromatic radiation of frequency of ω1 interacts with a solid crystal lat-
tice, the scattered phonons will not only have the incident radiation ω1 but also
exchanges energy with the lattice and have a frequency shift of ω1 ωm. The elastic
scattering without any change in frequency is called Rayleigh scattering, while the
inelastic scattering with the change in frequency is called Raman Scattering. The
corresponding spectrum of the scattered radiation shows Raman lines or bands at the
modified frequencies and these bands collectively constitute the Raman Spectrum.
Stokes peaks are at frequencies less than the incident frequency (i.e. ω1 - ωm) and
the anti-Stokes peaks are at frequencies greater than the incident frequency(i.e. ω1 +
ωm). The figure 2.1 is a Raman Spectrum of Carbon Tetrachloride (CCl4) showing
both the Stokes and anti-Stokes peaks. The peak at the center is the Rayleigh peak
representing the elastic Rayleigh Scattering. Let the absolute peak wavenumber be ν˜ ′
and the wavenumber shift is ∆ν˜ = ν˜1− ν˜ ′. Typically, Raman spectra has an abscissa
of Raman shift indicated by ∆ν˜ and not ν˜ ′ and unit of Raman shift (wavenumber) is
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(a) (b)
Figure 2.1. Typical Raman Spectrum of Carbon Tetrachloride
(CCl4). Figure reprinted with permission from (Long, 2002).
cm−1. Thus by the definition of ∆ν˜, the Stokes peaks have a positive shift and the
anti-Stokes peaks have a negative shift.
Consider a molecule subjected to electric field of electromagnetic radiation, exert-
ing opposite forces on the protons and electrons(Long, 2002; Ferraro, 2003; Colthup,
2012). This induces a dipole moment in the polarized molecule which is given by,
P = αE (2.1)
whereα is the polarizability, which is the ratio of induced dipole moment and the
electric field induced by the incident light which varied with time t as,
E = E0cos2piν0t (2.2)
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where E0 is the amplitude of the electric field which is induced by the incident light
of frequency ν0. The oscillating electric field induces an oscillating dipole moment of
the same frequency, hence by substituting Equation (2.2) and (2.1),
P = αE0cos2piν0t (2.3)
For a molecule vibrating at a frequency νm the atomic displacement is
q = q0cos2piνmt (2.4)
For small atomic displacements the polarizability can be expanded using a Taylor
series, and the higher order terms are neglected in the harmonic approximation
α = α0 +
∂α
∂q
q + ... (2.5)
























q0E0 [cos2pi(ν0 + νm)t+ cos2pi(ν0 − νm)t]
(2.6)
The above equation indicates that the induced dipole moments are created at
distinct frequencies of ν0,(ν0 +νm) and (ν0−νm) corresponding to the Rayleigh ,anti-
Stokes and Stokes scattering. However, it can be seen from the Equation (2.6), the
necessary condition for Raman Scattering is that
∂α
∂q
must be non-zero. Physically,
the condition is that the atomic displacement corresponding to a particular vibrational
mode must bring about a change in polarizability.
From a quantum stand point (Ferraro, 2003), the vibrational energy levels are








where j is the vibrational quantum number and it takes discrete values (j=0,1,2,..),h
is the Plank constant and νm is the frequency of the vibrational mode. As explained
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Figure 2.2. Illustration of Rayleigh, Stokes and Anti-Stokes Raman Scattering.
above, the incident electromagnetic wave induces an oscillating dipole moment and
excites the lattice to a virtual energy state. As illustrated by Figure 2.2, in the
case of elastic Rayleigh Scattering, the lattice returns back to it’s original state and
emit a photon. While the inelastic Raman Scattering, results in the lattice returning
to a higher energy state (Stokes scattering) or to a lower energy state (anti-Stokes
scattering).
2.1.1 Temperature dependence of Raman Signal
Raman Scattering occurs when the incident photon excites the phonon energy
levels in the solid crystal,resulting in a photon-phonon energy transfer. Phonon is a
quanta of lattice vibrational energy h¯ω, where h¯ is reduced Planck’s constant and ω
angular frequency of the phonon vibration. The momentum of a phonon is pph = h¯κ,
where κ is the wavevector of the phonon. The phonon dispersion curve provides the
relation between its energy (ω) and momentum (κ). Figure 2.3 shows dispersion curve
of graphene showing the three acoustic and optical branches.
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Figure 2.3. Phonon dispersion curve of graphene measured by high-
resolution electron energy loss spectroscopy (HREELS) and inelastic
helium atom scattering (HAS) (Taleb and Faras, 2016).
The induced electromagnetic waves propagating within the solid crystal will in-
teract only with lattice vibrations of the same wavelength and approximately same
frequency. Raman Scattering occurs at long wavelengths and hence small κ. From
the dispersion curve its clear that the ωAcoustic tends to zero,but ωOptical remains finite
at small κ. Thus restricted by the conservation of energy,the photons can exchange
energy only with the optical phonon. Thus the Raman shift is a probe for the optical
phonon frequency of a crystal lattice (Edwards, 1988)
A change in temperature induces thermal expansion, which results in a change in
the optical phonon frequency, which results in a change in the Raman shift altering
the peak position. Hence, the change in the peak position can be calibrated as a
thermometer and have been widely used to study change in temperature of various
materials (Kearney et al., 2006; Zhou et al., 2014; Wang et al., 2012; Huang et al.,
2009). Accodring to Heisenberg uncertainty principle, the energy of the phonon
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can be measured with certain degree of accuracy if the measurement time is finite.
Therefore the frequency of the Raman mode is inversely proportional to the scattering
time of the optical phonon mode. An increase in temperature is accompanied by
increase in the phonon population near the center of Brilluoin zone, which changes the
scattering time, leading to broadening of the Raman peak linewidths. As compared
to the peak position thermometer, the linewidth thermometer has the advantage of
being independent of stress (Beechem et al., 2007, 2008; Hart et al., 1970). Also,
as temperature increases the thermally excited phonons occupy higher energy states
leading to an increase in possibility of the anti-Stokes scattering. Hence the ratio of
the Stokes and anti-Stokes peaks can also be used a thermometer (Kip and Meier,
1990; LaPlant et al., 1996).
2.2 Micro-Raman Thermometer Setup
The micro-Raman setup is a modified HORIBA LabRAM HR800 Raman Spec-
trometer.When 1800 g/mm grating is used the system has a spectral uncertainty of
0.27 cm−1. The setup has limitation of measuring only the Stokes Raman peaks as
its equipped with a edge filter instead of a notch filter.The setup equipped with both
632nm He-Ne laser(LHP, Melles Griot) and 532nm diode pumped solid state laser
(Ventus, Laser Quantum) with tunable output power, is attached to an Olympus
BX41 microscope. Considering the limitations of the setup, the peak position Raman
thermometer emerged as the most feasible and accurate. A variable neutral density
filter is placed in the path of the laser to manually alter the incident laser power.
The absorbed laser power in micro-Raman thermometry should be accurately
obtained, hence there is a need to evaluate the optical absorptivity A and laser spot
radius r0. It can be seen from Figure 2.4(a) that a power meter (Newport 1815-C) is
placed under the sample to measure transmissivity T. The reflectivity of the sample,R
, is determined with the help of a beam splitter placed in the path of the incident
laser as shown in Figure 2.4(a). Comparing the reflectivity of the sample with a
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(a) (b)
Figure 2.4. Mirco-Raman Experimental setup. (a) Sketch illustrating
the optics of the system.(b)Image of a suspended Bi0.1Sb1.9Te3 film
on the oxidized Si substrate.
given mirror of known reflectivity, the reflectivity of the sample R can be derived.
Knife-edge method was used by Dr. Zhe Luo to measure the r0 of the experiment
setup.(Luo et al., 2014)
For determining the thermal conductivity of thin films,the thin film is suspended
on to an oxidized Si substrate. The substrate, prepared using Electron-Beam- Lithog-
raphy (EBL) followed by subsequent etching, by Dr.Woongsik Nam has an array of
3µm diameter holes upon which the thin film is suspended as shown in Figure 2.4(b).
2.2.1 Calibration
In Raman peak position thermometry, the shift in the peak has to be calibrated
with respect to the temperature of the sample. To heat the sample to desired known
temperature a heating stage was used(Linkham THMS720). The sample to be cal-
ibrated is placed on the heating stage and Raman spectra for varying temperatures
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(a) (b)
Figure 2.5. Change in peak position of E2g peak and A
1
1g peak of
Bismuth Telluride with respect to temperature.
were obtained. In order to avoid any damage to the sample, the temperature and
the laser power was suitably chosen depending on the sample. Figure 2.5 shows the
linear relationship between the peak position and temperature for Bismuth Telluride
(Bi2Te3). The Raman peak shift coefficient in cm
-1/K is obtained and is used to
convert the Raman spectra collected from a sample to its corresponding temperature.
2.2.2 Heat Transfer Modeling
The incident laser acts as a heat source and creates a temperature gradient across
the sample as the heat gets dissipated into the Si substrate. The large aspect ratio
of the thin film validates the 1D radial heat transfer assumption as the cross-plane










+ q˙ = 0 (2.8)
Where θ is the temperature. q˙ is the Gaussian heat source induced by the laser














where P is the incident laser power and t is the thickness of the film.Combining





























where ki is the thermal conductivity and ti indicate the thickness of the ith layer. The
high thermal conductivity of the Si substrate (kSi= 148 W/mK) allows for a constant
temperature boundary condition. The convection ( 2µW) and radiation ( 50µW) loss
through the surface of the film is negligible and an adiabatic boundary condition is
assumed. Equation (2.10) can be solved with respect to temperature distribution,






























where the absorbed power is indicated by PA = (1-R-T)P, Ei(x) is the exponential
integral and rb is the equivalent radius of the square film calculated by (A/pi)
1/2 the









































































From Equation (2.14) it is evident that the change in temperature measured is
proportional with respect to the absorbed laser power. Thus, by varying the incident
laser power , the different Raman spectra collected can be modified to determine the
temperature using the calibrated peak shift coefficient. The keq can be obtained by
the slope of a linear fitting the data of θRaman vs. PA. An uniform temperature in the
cross- plane direction is assumed and hence an one-dimensional analysis as elaborated
above is accurate. For thicker films, two dimensional finite volume numerical code
created by Dr.Zhe Luo was used to evaluate the dθRaman/ dPA.
2.3 Bulk Electron Thermal Conductivity in Bi-Sb-Te Alloy
The search for a thermoelectric material with a superior figure of merit, ZT at
room temperature, is fueled by the need for utilizing the waste heat in many ap-
plications varying from automobiles to electronics. This had piqued the interest in
studying the Bismuth-Antimony-Telluride-Selenide material group extensively over
the past decade. They are 2D material, with a structure as shown in Figure 2.6.
Each layer is called Quintuple Layer (QL) and is approximately 1nm in thickness. It
was also discovered that these materials behave as an insulator in the interior having
bulk band gap, but have conducting surface states that are protected by time-reversal
symmetry (Zhang et al., 2009; Chen et al., 2009). Thus, these unique capabilities
combined with a good ZT value at room temperature (Venkatasubramanian et al.,
2001) had attracted detail studies in search for superior thermoelectrics (Poudel et al.,
2008; Goldsmid, 2014; Teweldebrhan et al., 2010; Xiu et al., 2011). To understand
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Figure 2.6. Crystal Structure of Bi2Te3. Reprinted with permission
from (Zhao et al., 2011).Copyright (2011) Wiley-VCH Verlag.
the thermal behavior of these materials, its important to understand the effect of
bulk and surface electrons and their contribution to the overall heat transfer (Shao
and Bao, 2016). In this chapter, we discuss the results and observations of studying
the bulk electron contribution to thermal conductivity of Bi0.1Sb1.9Te3,Bi2Te2Se and
BiSbTeSe2.
Bismuth Telluride and its alloys have been proven to have a ZT value around 1 at





where σ is the electrical conductivity ,S is the Seebeck coefficient, T is temperature
and k is thermal conductivity.The thermal conductivity can be further expanded by









Wiedemann-Franz law , provides a relation between ke and σ as ke/σ = LT , where
L is called Lorenz Number. From Equation (2.16), it can be seen that kph and L are
the factors contributing to the thermal conductivity of the thermoelectric material.
Efforts have been concentrated on improving the ZT value by reducing the thermal
conductivity and increasing the career scattering. The phonon scattering rate was
increased by engineering nano-particles as scattering centers and reducing the thermal
conductivity (Poudel et al., 2008; Hu et al., 2014; Vineis et al., 2010). In this section
we have experimentally determined these governing parameters, kph and L for high
power factor Bi0.1Sb1.9Te3 films.
2.3.1 Sample Preparation
The Bi0.1Sb1.9Te3 films used were grown on gallium arsenide (GaAs) substrates
using metal organic chemical vapor deposition (MOCVD) by Research Triangle In-
stitute (RTI),our collaborators. The sources for Bi,Te and Se were organometallic
trimethyl-bismuth, diisopropyl-telluride (both precursors supplied by Sigma-Aldrich)
and gaseous hydrogen selenide (supplied by Custom Gas Solutions). GaAs has the
advantage of being low cost and having a relatively low lattice mismatch with bismuth
telluride(3.9%).The materials were heteroepitaxially grown on the GaAs substrate,
at the rate of 0.5-2.0 A/s with the temperature ranging from 345◦C to 400 ◦C. The
films retained good crystallinity along the preferred orientation (c-axis) normal to
the surface of GaAs. This facilitated the use of tape peeling to produce suspended
films of varying thickness from the MOCVD films. It should be noted that all the
samples listed in Table 2.1 were grown under identical conditions and posses identical
composition. The variation in σ is due unintentional defect doping leading to the
variation in the defect concentration.
To prepare the suspended flakes of varying thickness a standard exfoliation tech-
nique adapted by Dr.Zhe Luo was used extensively(Luo et al., 2014, 2015). A Si
wafer is ultrasonically cleaned before poly(vinyl alcohol)(PVA,Fiberlay,filtered) is
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Table 2.1. Properties of Bi0.1Sb1.9Te3 samples grown by MOCVD by RTI.
Sample ID Thickness Resistivity Electrical Carriers
(nm) (Ω.cm) conductivity (S/m) concentration (cm-3)
11-1719 1340 5.06E-04 1.98E+05 2.16E+19
7-4539 1380 3.07E-04 3.26E+05 1.58E+19
7-4482 580 8.86E-04 1.13E+05 2.16E+19
7-4483 714 6.17E-04 1.62E+05 2.88E+19
11-1680 300 7.68E-04 1.30E+05 1.78E+19
7-4474 275 4.99E-04 2.00E+05 2.61E+19
7-4502 255 4.67E-04 2.14E+05 2.39E+19
7-4521 240 2.57E-04 3.89E+05 9.60E+19
7-4532 375 3.06E-04 3.27E+05 1.08E+20
7-4819 285 9.60E-04 1.04E+05 1.34E+19
spin-coated at 4000rpm for 40s. The wafer is then baked at 70◦C for 5 minutes.This
is followed by spin coating poly(methyl methacrylate) (PMMA, 950 A4,MicroChem)
and baked in similar procedure onto the PVA layer.Standard dicing tape (Semicon-
ductor Equipment Corp.,model#18074-12.00) was used to exfoliate material from the
bulk grown crystal. Consecutive peeling is done until the required thickness can be
achieved.The tape with desired thin film is then attached to to PMMA/PVA stack
and slowly peeled off to leave thin flakes on the polymer stack.The transparent poly-
mer stack is carefully peeled and mounted on glass frame, without inducing any stress.
Using a microscope the thin films transferred on to the polymer stack can be visu-
ally examined. The thickness of the films can be estimated from the transparency
of the film.The area with the required thickness is then lowered on to array of holes
in the oxidized Si substrate and is heated at 90◦C for about 15 seconds to remove
any trapped air bubbles. The sample is then dipped in to acetone solution of greater
than 70ml and allowed to settle for a minimum of 12 hours, this dissolves the PMMA
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Figure 2.7. Illustration of the exfoliation process for suspending thin
films. Illustration created by Dr.Zhe Luo.
layer,leaving a floating PVA layer that is removed. The substrate is again viewed
under the microscope to identify the films that are completely suspended. The entire
process is illustrated in the Figure 2.8.
The surface cleanliness is ensured by long soaking time and the excessive acetone
used for soaking. AFM scans and Raman spectra were taken to validate the cleanliness
of the films. The method explained above was found to work only for as-grown bulk
films of over 300nm, due to degradation of the crystallinity in the thinner films.
The suspended thin films obtained were intentionally chosen to be thicker than
30nm. This is done to reduce the effect of surface scattering of the phonons which can
affect the lattice thermal conductivity, kph. Since the MFP of the Bi-Sb-Te materials
at room temperature is approximately a few nanometers(Mavrokefalos et al., 2009;
Qiu et al., 2011), a thickness of 30nm should be able to avoid the surface scattering
of phonons. The electrical conductivity of the as-grown films were measured at RTI
using the conventional four-wire van der Pauw method (Van der Pauyv, 1958).
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Figure 2.8. A Bi0.1Sb1.9Te3 flake of 63.5 ± 0.04nm deposited on the
oxidized Si substrate.The AFM scan ,taken across the line sections A
and B (as indicated) is shown.
2.3.2 Results and discussion
The calibration for Bi0.1Sb1.9Te3 was carried out to determine the peak shift co-
efficient, χ, by Dr.Zhe Luo 2.1. The calibration was carried out on 1.3µm thick
Bi0.1Sb1.9Te3 as-grown film. The A
2
1g had the largest peak shift in response to in-
crease in temperature (with χA21g=0.0165 cm
-1/K as opposed to χE2g=0.0116cm
-1/K
and χA11g=0.0073cm
-1/K) and hence was chosen as the thermometer to detect tem-
perature change.
In order to determine the absorption coefficient α the reflectivity of the sample,R,
were determined using the procedure explained in Section 2.2. The oxidized Si sub-
strates used in this case increases the chances of a suspended flake during the transfer,
but transmittivity T cannot be directly measured because substrate is not transpar-
ent . An indirect method was used by transferring the flake onto a cover glass,which
enables the determination of both reflectivity and transmittivity. An AFM was used
to measure the thickness of the flake. The absorption coefficient α can be determined











The average α was determined as 7.22±0.13x107m-1
To determine the thermal conductivity a series of Raman spectra were collected
from thin films varying the incident laser power as explained in Section 2.2. In this
case since the films were thicker (>30nm), two-dimensional heat transfer is assumed,
due to non-uniform cross-section laser absorption. Using the model, the total thermal
conductivity (ktot)is determined,which is given by
ktot = kph + ke = kph + LTσ (2.18)
It can be seen that a liner fit of the Equation (2.18) would provide the phonon thermal
conductivity kph as the intercept and Lorenz number L times the temperature as the
slope. The thermal conductivity of the thin films developed from the samples provided
by RTI (as shown in Table2.1) with varying electrical conductivity were determined.
The results are summarized in the Figure 2.9
The results of linear fit yields kph = 1.14±0.12 W/mK and LT=(6.11±0.58)x10−6
V2/K. Considering T=300K, L is measured as (2.04±0.19)x10−8 V2/K2. This is found
to be smaller than the theoretical value for metals which is 2.44x10−8 V2/K2. Using
Fermi-Dirac statistics, Sommerfeld derived this value which is the degenerate limit of





= 2.44x10−8V 2/K2 (2.19)
where kB is the Boltzmann’s constant and e is the electron charge. The measured
Lorenz number (2.04±0.19)x10−8 V2/K2 falls in between the non-degenerate and the
degenerate metallic limit. The phonon thermal conductivity determined, 1.14 W/mK
is comparable with the value 0.8 W/mK for Bi0.5Sb1.5Te3 crystal (Takashiri et al.,
2010). Bi0.1Sb1.9Te3 manages to retain a relatively small Lorenz number compared
with degenerate semiconductors with heavy doping and high electrical conductivity.
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Figure 2.9. Measured thermal conductivity (ktot) vs. electrical con-
ductivity (σ) for Bi0.1Sb1.9Te3 films. The red line shows the error-
weighted linear fit of the data points, and the shaded area corresponds
to the uncertainty of the slope fitting. Part of the data from Dr.Zhe
Luo.
Thus it can been seen that Bi0.1Sb1.9Te3 films have a reduced thermal conductiv-
ity while maintaining the electrical properties, hence possess a good thermoelectric
performance.
In recent years, nanostructured semiconductors has been shown to exhibit low
Lorenz number L close to 1.5x10−8V2/K2 without being non-degenerate, such as
nano-wires (Vo¨lklein et al., 2009), Bi2Te3/Sb2Te3 super lattice (Bian et al., 2007)
and nano-composites (Liu et al., 2011). The alteration of energy dependence of car-
rier relaxation time might be responsible for the reduced Lorenz number(Casian and
Dusciac, 2013). These studies can further the thermoelectric performance of such
nano-structured materials and thus can pave way to new thermoelectric applications.
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2.4 In-Plane Thermal Conductivity of Bismuth-Telluride-Selenide
Topological insulators (TI) are a state of matter, in which the bulk has a insulating
band gap while the surface is metallic with conducting electronic states (Fu et al.,
2007; Moore and Balents, 2007; Ko¨nig et al., 2007; Hsieh et al., 2008). At the surface
of the three-dimensional TI,which is the interface between the TI and an ordinary
insulator (air or vaccuum), the bulk gap has to close and metallic surface states are
created. These states, called Topological Surface States (TSS) as they are formed from
the nontrivial bulk insulating states, are protected by the time-reversal symmetry.
The TSS states have a strong spin-orbit coupling and a high charge to spin current
conversion efficiency (Wang et al., 2015). These TSS provide a back-scattering free
channel for thermal transport and can be controlled to improve the performance and
thermal management in future devices.
The dispersion relation for the electrons of the TSS is linear and gapless, forming
a Dirac Cone. In the Dirac cone, the electrons act like a massless particle, Dirac
fermions, with their spin locked by their momentum as shown in Figure 2.11. For
the TIs, transfer of heat energy take place through bulk electrons, phonons and also
through the conducting maseless Dirac fermions. These surface electrons tend to have
a high mobility, about 12 times compared to bulk for Bi2Te3 (Dong-Xia et al., 2010)
and weak electron-phonon coupling with the insulating bulk (Pan et al., 2012; Zhu
et al., 2012). Thus the TSS forms a metallic conducting layer at the interface while
the bulk interior remains insulating. In order to analyze the effect of these surface
states,bulk insulating materials were studied at reduced thickness to reduce the bulk
contribution and make TSS the prominent mode of heat transfer.
The Bismuth-Antimony-Telluride-Selenide has been proven to be a three-dimensional
topological insulator with a single Dirac cone (Zhang et al., 2009; Hsieh et al., 2009;
Teo et al., 2008). In this chapter , Topological surface states of Bi2Te2Se (BTS) and
BiSbTeSe2(BSTS) were studied. The prominent TSS nature and the minimum bulk
contribution have been documented in the literature recently (Ando et al., 2014; Xu
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Figure 2.10. Energy and momentum dependence of local density
of states for (a)Sb2Se3 (b)Sb2Te3 (c)Bi2Se3 (d)Bi2Te3. The red re-
gions indicate bulk energy bands while the blue indicates bulk energy
gaps. The TSS are seen as red lines along the point. There is no sur-
face state for Sb2Se3.Reprinted with permission from (Zhang et al.,
2009).Copyright (2009) Macmillan Publishers Limited.
et al., 2014; Xia et al., 2013). Micro-Raman thermal measurements were conducted
on BTS thin films, showing 50% contribution from the TSS and an exceptionally
large Lorenz number. Electrical measurements were conducted on the thin films to
validate the effect of TSS.
2.4.1 Sample Preparation and Calibration
Bi2Te2Se (BTS) thin films were prepared by the tape exfoliation, described in
Section 2.3.1, from a bulk ingot synthesized by Dr.Ireneusz Mitotkowski. The BTS
films were proven to have clear topological surface state properties (Cao et al.,
2014). Once the flakes were transfered to holey Silicon Nitride (SiN) membranes,
the temperature-dependent Raman calibration were carried out. The Raman spec-
trum of Bi2Te2Se is similar to that observed for Bi2Te3, because of identical lattice
29
(a) (b)
Figure 2.11. Temperature Calibration of a 10nm Bi2Te2Se film. (a)
Raman spectra at different temperatures with an inset showing opti-
cal image of the film (scale bar 5µm).(b) Eg
2 mode Raman shift vs
temperature showing a linear relation.
structure. The Eg
2 mode was chosen as the thermometer in this case, since it had a
χEg2 = −0.0113cm-1/K. Bi2Te2Se films of varying thickness from 66nm to 8nm were
prepared and the thermal conductivity was measured to analyze the reduction in bulk
contribution and the effect of TSS in these films.
The He-Ne laser of wavelength 632.8nm incident on thin transparent films were
used to determine the reflectivity T and transmissivity R using the method elaborated
in Section 2.2 and the absorptivity α was determined from the Equation (2.17). The
absorptivity thus obtained α = 4.63± 0.5x107m-1. Varying the incident laser power,
the temperature rise was calculated from the Raman peak shift coefficient, χ. The
in-plane thermal conductivity was determined by substituting these values in a 2D
numerical heat transfer model as explained in Section 2.2.2.
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2.4.2 Results and discussion
Figure 2.12 summarizes the results obtained from the Raman thermometry .The
bulk thermal conductivity of BTS films is roughly 1 W/mK. It can been seen from
Figure 2.12(a) as thickness reduces below 20nm, the in-plane thermal conductivity
rapidly increase from 1 W/mK to 3 W/mK. This could be the effect of the TSS
contribution to the thermal conductivity.
Electrical conductivity measurements were carried out on two-terminal Bi2Te2Se
devices by Dr.Jifa Tian. A four probe sheet resistance measurement was carried out
on the BTS flake that were prepared by direct peeling onto Si substrate with 200nm
thermally grown SiO2 on top. As shown in the inset in Figure four Ti/Au electrodes
were patterned onto the transfered flake by Electron Beam Lithography (EBL). The
use of four probes eliminate the effect of the contact resistance on the flake-electrode
interface. An increasing trend as we reduce the thickness < 20nm can be observed
as seen in Figure 2.12(b). The increase in electrical conductivity at low thickness is
similar to the once observed in thermal conductivity measurements.
It should be noted that the thermal conductivity and electrical conductivity re-
sults experimentally measured from the different samples.As explained above, k was
determined from Bi2Te2Se suspended on SiN, while the σ was determined from the
Bi2Te2Se devices on SiO2/Si. The electrical properties of the topological interface
states may be altered by the SiO2 by shifting the Dirac cone or burying the Dirac
point into bulk valence band valley (Jenkins et al., 2013; Chang et al., 2011; Arakane
et al., 2012). Thus the Bi2Te2Se devices on SiO2 provide an uncertainty with the
four-probe measurements results. To eliminate this concern, a four-probe device pat-
terned on SiN membrane with suspended Bi2Te2Se were prepared to validate the
results obtained.
A FEI Quanta focused-ion-beam was used to cut a 3 m diameter hole and to de-
posit 70-nm-thick Pt contacts around the hole on a 200nm thick SiN membrane (Ted




Figure 2.12. Experimentals results of BTS thin films.(a) In-
plane thermal conductivity obtained by Raman thermometry (cour-
tesy Dr.Zhe Luo). (b)Electrical conductivity from Four-probe sheet
resistance measurement.(c) Sheet resistance during the measure-
ments.Inset:optical image of device(courtesy Dr.Jifa Tian).
using the PVA/PMMA transfer technique. The electrical and thermal measurements
were carried out on the same sample and the results agreed with the values obtained
for 15nm as seen in Figure 2.12. In order to understand the effect and extent of
the topological surface states with respect to the conductivity of the material, an
elaborate model is required which is beyond the scope of discussion here.
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Figure 2.13. SEM image of the Platinum contacts and the inset
showing the optical image of suspended Bi2Te2Se device on SiN. The
scale bar in the inset is 5µm.
2.5 Summary
In this chapter, micro-Raman thermometry is introduced as a technique. The heat
transfer from the incident laser is modeled to determine the thermal conductivity of
thin films of Bi-Sb-Te-Se family. Micro-Raman thermometry provides a reliable non-
destructive material specific thermal measurement technique for thin suspended films.
The thermal conductivity of Bi0.1Sb1.9Te3 films were measured using mirco-Raman
thermometry. Comparing with the measured electrical conductivity, the lattice ther-
mal conductivity thus obtained agrees with the reported values for Bi-Sb-Te alloy with
a slightly higher Bi content and Lorenz number extracted falls between the metal-
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lic and the non-degenerate semiconductor limit , indicating a good thermoelectric
capacity of Bi0.1Sb1.9Te3 films.
The effect of Topological surface states in Bi2Te2Se thin films was studied. The
thermal conductivity of Bi2Te2Se films were measured at varying thickness and a large
enhancement was observed as the thickness reduces below 20nm. The underlying
reason for the increase is still an open for question and calls for attention for a more
thorough research.
Thus, micro-Raman thermometry technique is proven to be a powerful experi-
mental tool to study thermal transport phenomena. It can be seen that improving
the resolution of such a powerful thermometer can help in better understanding the
underlying nature of thermal transport in topological insulators and other thermo-
electric materials.
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3. TIP ENHANCED RAMAN SPECTROSCOPY
In this chapter,the Tip-enhanced Raman Spectroscopy (TERS) instrument that has
been developed is described in detail. The enhancement obtained using materials
such as brilliant cresyl blue and bismuth telluride (Bi2Te3) and the difficulties faced
in achieving the enhancement has been discussed. An attempt has been made to
utilize TERS for nano-scale temperature sensing.
A system that can probe the temperature with a spatial resolution of few nanome-
ters can be vital in understanding the transport properties of thin films. As discussed
in Chapter 2, the contribution of phonons, electrons and even the effect of surface
states can be better analyzed with a higher spatial temperature resolution technique.
This has been the driving factor behind the development of various nanometer reso-
lution temperature measurements in the past decades. Stimulated emission depletion
(STED) (Dyba and Hell, 2002), photoactivated localization microscopy (PALM) (Bet-
zig et al., 2006) and stochastic optical reconstruction microscopy (STORM) (Rust
et al., 2006) all have the ability to overcome the diffraction limit. But these meth-
ods have the limitation that they require the presence of fluorescent molecule, flu-
orophores. The main advantage that Raman Spectroscopy possess is the ability to
resolve temperature without affecting the system. It has already been established
from results in Chapter 2, that Raman spectroscopy has a temperature resolution
of ∼ 1K. TERS provides an excellent opportunity to combine the high temperature
resolution with a nanometer scale spatial resolution.
3.1 TERS Enhancement
Raman Scattering typically has a scattering cross-section of 10-30cm2 (Aroca,
2006). To achieve higher resolution, an increase in the incident flux of photons is
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desired. This ensures a reasonable signal-to-noise ratio and speed when collecting the
spectrum from a region with nanometer quantity of material. But the usage of high
power lasers is limited by the high cost of such instruments and the possibility of
damage to the sample. Instead of using a high power incident laser, TERS amplifies
the incident electromagnetic (EM) field. The amplified field is confined within the
metalized tip and this local EM is the primary reason for the TERS enhancement.
The EM field enhancement is attributed to following two mechanisms:Surface Plas-
mon Resonance (SPR) and lightning-rod effect. Chemical enhancement can also be
credited for the enhanced EM field. The effect and contribution of these mechanisms
in the TERS enhancement is discussed in detail in the following sections.
3.1.1 Surface Plasmon Resonance
Surface plasmon polariton or surface plasmon is the quantized collective oscil-
lations of conduction electrons that exist at the interface between two media with
dielectric constants of opposite signs. The effect of surface plasmons on optical prop-
erties of metals has piqued interest and plasmonics has found applications in various
technologies like optical transmission, information storage, and nanophotonic devices
such as switches,as resonant light scatterers and sensors (Hutter and Fendler, 2004).
Under the influence of an incident frequency dependent EM field,the conduction elec-
trons oscillate due to the external and internal restoring force as the electron cloud
coherently displaces from the positive ions (Noguez et al., 2015). When the plasmons
oscillate coherently with the incident EM frequency a resonance mode is obtained
called the surface plasmon resonance.
The charge density,electron effective mass and conductivity affect the surface plas-
mon resonance by changing the peak wavelength and relaxation times(Kalinin and
Gruverman, 2007). This is validated by the Drude model. According to the Drude
model, the permittivity (ω) for a bulk metal can be expressed as,
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where, ωp is the plasma frequency, γ0 is the relaxation rate of the electron and
(∞) is the dielectric constant at ω = ∞. The average time between two successive
collision, τ , known as the electron relaxation rate is the inverse of γ0.The electron





where n is the density of conduction electrons,m* is the effective mass of con-
duction electrons, σ denotes the conductivity of the material and e is the electron
charge.






where 0 denotes the dielectric constant of vacuum. Equation (3.3) evidently shows
the dependence of surface plasmon frequency with the material properties like electron
density and effective mass. Surface plasmon resonance mode exists in various metals,
with noble metals such as gold and silver showing the strongest response (Kalinin
and Gruverman, 2007). Also for the bulk material, from Equation (3.1), the surface
plasmon resonance corresponds to a vanishing real part of the dielectric constant.
The Drude model holds true for most real metals but the model considers only the
intraband electron transitions only. But it has been reported that the interband
transition, from the occupied to empty energy bands separated by an energy gap,
does not affect the resonance of Ag nano-particles and are independent of the size
and shape of nano-particles in Au and Cu (Gonzalez et al., 2008).
The surface plasmon resonance induced at the metallic tip apex results in an
enhanced electric field, similar to SERS, and increases the extinction cross section
thus acting as a local optical probe with few nm resolution. (Kelly et al., 2003).
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3.1.2 The Lightning-Rod Effect
The localization of the enhanced EM field around the metallic tip in TERS is
due to the phenomenon used in lightning rods. The surface charge density in a
conductor varies along the shape from point to point. On a macroscopic level, in a
non-spherical shaped conductor,at the point of high curvature, the charge density is
locally increased. This results in an increased electric field localized in the vicinity
of the material (Kalinin and Gruverman, 2007). The lightning rods use a similar
phenomena to limit the electric field of the lightning to the point of high curvature
and away from the buildings.
Extending the similar phenomena to TERS, the apex of the metallic tip provides
a geometrical singularity. The surface charge density is increased in the area near the
apex of metallic tip and as a result not only is the EM field locally enhanced but it
is also confined near the region. The lightning rod effect is illustrated in the Figure
1.2. The presence of geometrical singularities and polarization of the incident EM
field are critical factors for the lightning rod effect. If the polarization of the incident
field is aligned to axis of the tip, maximum enhancement is observed (Novotny et al.,
1997; Bohn et al., 2001).
3.1.3 Chemical Enhancement
Chemical enhancement is most commonly attributed to the EM enhancement in
SERS (Campion and Kambhampati, 1998). Similar enhancement due to chemisorp-
tion can be observed in TERS when the metallic tip is in contact with the sample
(Hayazawa et al., 2006). Many molecules are weak Raman scatterers because their
lowest lying electronics transition fall in the ultraviolet (UV) range. The metallic tip
provides an intermediate Fermi level (Ef ) between the highest occupied molecular
orbital(HOMO) and the lowest unoccupied molecular orbital (LUMO). This makes
charge transfer between the molecule and metal (from HOMO to Ef or Ef to LUMO)
feasible with approximately half the energy as required for the isolated molecule. The
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introduction of an intermediate state due to chemisorption provides a channel for Ra-
man scattering in the visible region of spectrum. Thus the chemical enhancement in
TERS is due to added electronic states which results in a resonance Raman scattering
(Campion and Kambhampati, 1998).
3.2 Factors influencing the EM Enhancement
The surface plasmon resonance and the lightning-rod effect are sensitive to many
parameters like excitation wavelength, materials,polarization of the incident EM and
shape. Controlling these critical parameters and careful selection of them is crucial
in obtaining the best EM enhancement.
From an electrostatic perspective, the probe has to be made of a good electrical
conductor material. Considering the effects of surface charge density(Novotny et al.,
1997) and phase retardation(Martin et al., 2001), the material must also have suitable
wavelength dependent dielectric function and size effect. Silver and gold satisfy this
criteria and have a relatively small imaginary part of dielectric function in the visible
region compared to negative value of the real part (Palik, 1998). Hence silver and
gold tips are commonly used in the visible to near-infrared(NIR) region. In UV
region the photon energy exceeds the plasma frequencies of gold and silver are no
longer metallic, hence aluminum is preferred in the UV range(Taguchi et al., 2009).
Dielectric tips have been estimated to have localization and strong field gradient,
however the enhancement is considerably smaller when compared to those of the
noble materials like gold and silver (Bohn et al., 2001; Kawata et al., 1999).
Silver tips generally exhibit better enhancement than gold owing to the reduced
absorption losses and better optical properties in visible range (Bailo and Deckert,
2008). However, Silver tips lack chemical stability and degrade rapidly at ambient
conditions due to oxidation. The gold tip on the other offers good chemical stability
with an ease of manufacturing technique as the electrochemical etching procedure
are well established for the gold tips (Ren et al., 2004). AFM tips of roughly 10nm
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diameter, can also be coated with the desired metal to achieve TERS (Wang et al.,
2005). Even optical fibers can be etched using a tube etching method to obtain the
desired tip shape and get satisfactory enhancement (Sto¨ckle et al., 1999).
The significance of the geometrical singularities in achieving the localized enhance-
ment through lightning-rod effect is elaborated in Section 3.1.2. Various efforts have
been made to study the influence of parameters such as tip radius and opening an-
gle in achieving EM enhancement. The enhancement factor have been observed to
increase with the cone angle in case of the conical probe (Cory et al., 1998). Optical
responses from a truncated cones and right trigonal pyramids when simulated using
three dimensional finite difference time domain (FDTD) revealed that the right trig-
onal pyramids shape offered enhancement facts as high as 86 from an excitation in
the NIR region (Krug II et al., 2002).
Figure 3.1. Contours of E2 in near field of Au tip in water illumi-
nated by monochromatic waves at 810nm wavelength.Polarization is
indicated by the k and E vectors.Scaling indicated in the figure.(a)
No enhancement observed. (b)field is almost symmetrical with an
enhancement of ∼ 3000(Novotny et al., 1997).
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Figure 3.2. Illustration of illumination modes of TERS a) Bottom
illumination TERS with parallel polarized laser b) Side illumination
TERS c) Combination of side and bottom illumination TERS using
a parabolic mirror.Reprinted with permission from (Stadler et al.,
2012).
The polarization of the incident field is one of the most critical factors affecting the
enhancements in TERS. When the incident EM field is oriented perpendicular to the
main axis of the tip, the oscillating charge on either side of the tip have opposing sign
and the apex of the tip remains uncharged as shown in Figure 3.1(a). An enhanced
EM field can be achieved by rotating the incident EM field by 90o and making the
field aligned to axis of the tip as seen in Figure 3.1(b) (Novotny et al., 1997).
The necessary polarization can be obtained mainly through two different illumina-
tion techniques. In the side illumination technique, the strong polarization component
of the incident EM Field is aligned with the axis of the tip. The scattered optical
signal is collected either via the side detection or by transmission through the in-
cident path as shown in Figure 3.2(b). This illumination mode has the advantage
that it can be used for opaque or thick specimens. The main downside is that due
to geometrical limitations such as usage of NA < 1 and long focal distance objective
lens, the illumination is focused weakly at vicinity of the tip.
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Transparent samples allow the use of bottom illumination mode, where there is no
geometrical limitations and a high NA > 1 can be used. It has been shown that for
focal regions neat the theoretical diffraction limit, the electric field is composed of two
transverse components ( perpendicular to wavevector k) and s longitudinal component
along the direction of propagation (Novotny et al., 1998). The longitudinal waves
are relatively weak and only provide little enhancement for a fundamental Gaussian
beam (Sa´nchez et al., 1999).However usage of higher order laser mode and since the
longitudinal field is aligned with the main axis of the tip as shown in Figure 3.2(a),
they provide a field localized EM enhancement at the tip apex (Beversluis et al., 2003;
Hartschuh et al., 2003).
To study transparent samples using high NA, parabolic mirrors can be used as
shown in Figure 3.2(c) (Sackrow et al., 2008; Steidtner and Pettinger, 2007). The
parabolic mirrors does not exhibit chromatic aberrations and can be used at all tem-
peratures even under ultra-high vacuum. The complexity arises in the alignment as
even subtle deviations can lead to altered focal fields and reduced detection sensitivity
(Lieb and Meixner, 2001).
3.3 Experimental Setup
The Raman spectrometer described in Section 2.2 has been slightly modified for
the TERS setup. Instead of reflecting the laser beam through the microscope, a mir-
ror is used to reflect the beam and into the AFM as shown in Figure 3.3(a). The
Spectrometer is coupled with an AFM for synchronized use.The AFM used is a com-
mercial AFM (Combiscope,AIST-NT) which besides having all the standard modes,
can be integrated with optical components to simultaneously use bottom and side
illumination. The 532nm diode pumped solid state laser (Ventus, Laser Quantum)
provides the incident EM field. Gold coated Si tips (Nanoandmore,USA) that can be
used in contact mode and have been observed to produce enhancement was mounted




Figure 3.3. TERS Experimental setup. (a) Sketch illustrating the
optics in Raman spectrum.(b)EM enhancement for Au tips with glass
substrate (left) and Au substrate (right). (c) Illustration of the optics
in the AFM setup for TERS measurement.
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long working distance objective (Mitutoyo,50x with NA=0.42) on the side as shown in
the Figure 3.3(c). The side objective is mounted on a three-axis piezo scanner,which
can be used for fine alignment of the laser spot. The initial coarse alignment can
be done using the manual stages which allow the translation of the objective in all
directions. The scattered radiation is collected and collimated by the same objec-
tive and it travels through the same path into the Raman spectrometer. A CCD
camera is mounted on the top objective (Mitutoyo,10x,with NA=0.28) which helps
is aligning the Raman probe laser on to the apex of the tip. The beam splitter, opti-
cal chopper(Thorlabs,MC1000), lock-in-amplifier (Zurich Instruments,HF2LI) and an
avalanche photo-diode (APD) set up is used for checking the alignment. The beam
splitter is removed from the optical path when Raman spectrum is collected. The
CCD camera can also be placed at the position of the beam splitter, this provides a
side view for the alignment of the tip and Raman probe laser.
The Au/Si tip used here has an angled tetrahedral geometry at the end of the
cantilever.This aides in aligning the laser axis and the polarization of the incident laser
favorably to obtain maximum enhancement. The 532nm is preferred over because of
its high tunability.since the distance traveled by the laser is fairly long, transmission
losses reduce the power of laser that reaches the tip sample interface. Nearly 90 % of
the laser power from source is lost in the transmission one way . Hence to obtain a
good signal to noise ratio for the Raman signal a high laser intensity is a necessity.
The laser power from the 532nm DPSS laser can be tuned from 0 to 60mW at the
source. It has been realized that the enhanced electric field is more confined to the
near field when a metallic substrate is used (Notingher and Elfick, 2005).Also the
electric field has been estimated to be around 10 folds higher than when using just
a glass substrate as shown in Figure 3.3(b).Hence the substrate used for TERS were
glass slides coated with gold about 150nm using electron beam evaporator by Dr.Luis
Traverso. The thickness of the gold coating ensured that samples can be transfered
using exfoliation through dicing tapes.
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3.4 Optical Alignment
The alignment of incident Raman laser on to the apex of the tip critically influences
the enhancement of the system. Initially, the Raman laser has to aligned with the
optics in the AFM , so the laser is made to shine at the center of the side objective
and the axis is made parallel to direction of transmission. This is achieved by using
a mirror with a pinhole in the center, where the laser is aligned to incident at the
center. The reflected image obtained is aligned to coincide with the incident optical
path. After centering and aligning the laser, the AFM tip is lowered on to the sample
and the side objective is coarse aligned manually on to the tip apex. This can be done
using the CCD from both the top and the side mount position it should be noted that
the top objective can be illuminated using a USB light while for the side objective an
optical fiber lamp is used. Figure 3.4(a) shows the optical image obtained when the
CCD is placed in the side, the image of the Au/Si tip on the gold substrate can be
clearly seen before landing. Figure 3.4(b) shows that the laser is focused roughly on
the apex of tip.
(a) (b)
Figure 3.4. Optical image from the CCD mounted to obtain image
through the side objective (a) when tip is retracted (b) tip is landed




Figure 3.5. (a) Raman image of the Au/Si tip obtained by mapping
the 520cm−1 the faint blue area represents the reflection on the Au
substrate. (b) the light enhancement recorded by the photodiode.
The red X marks the possible apex of the tip.
The coarse manual alignment can be validated by collecting a Raman spectrum
and checking for the Si signal. The 520.2 ± 0.5 cm-1 Raman peak of Si for optical
mode k ≈ 0 can be used (Parker et al., 1967). An objective scan is carried out, where
the piezo-controlled stage moves along the plane of the tip. Mapping the Si Raman
peak provides a Raman spectral image as shown in Figure 3.5. The reflection seen in
the optical image in Figure 3.4 is also observed in the Raman scan as faint blue image.
Collecting the reflected radiation in a photodiode can provide a means to map the
enhanced field (Bailo and Deckert, 2008). Using the photodiode setup, the focus can
further be validated as we can see the enhancement in region surrounding the tip apex
as seen in Figure 3.5(b). The red cross marks the apex of the tip identified from these
images. It has been observed that after all the adjustments done, there can still be
a variation in the range of few hundred nanometers. This can be observed by taking
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Figure 3.6. The experimental AFM-TERS setup.
a AFM topography image simultaneously with the TERS image. The position of the
side objective is varied accordingly and iteratively the alignment can be perfected.
3.5 Results and Discussion
The TERS experiment setup thus established can be seen in the Figure 3.6. The
enhancement obtained using this system was tested for bisumth telluride and brilliant
cresyl blue (BCB). Sample heating and reduced enhancement was recorded in the
case of Bismuth Telluride. In the case of BCB, the enhancement was much more




The sample preparation for TERS setup involved a direct transfer from the dicing
tapes, since there was not specific thickness requirement. The Au coated glass slides
were used as the substrate. The calibration to detect the peak shift coefficient as
described in 2.2.1 was carried out to understand the effect of Au coating. The Peak
shift coefficient thus obtained is 0.015 cm-1/K for the E2g peak as seen in Figure
3.7(a).This value is slightly lower than the coefficient with a SiN substrate, this is
due to gold being a very good conductor, the heat generated by the incident laser
should be effectively dissipated by the substrate.
The enhancement in Raman signal intensity due to the EM enhancement effect of
the tip can be observed in the Figure 3.7(b). The spectra was collected by keeping
the position of the Raman laser same with respective to the sample. The tip was
landed on the Bi2Te3 flake and the Raman laser was aligned to the apex of the tip
(a) (b)
Figure 3.7. (a)The temperature calibration of the E2g Raman peak
in Bi2Te3 (b) Spectra showing a 42% tip enhancement observed in
Bi2Te3.
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as explained in the Section 3.4. Once the spectrum (blue line in Figure3.7(b)) is
obtained, the tip is retracted away from the sample and away from the path of the
Raman laser. The spectrum then obtained represents the Raman signal without any
tip-enhancement (represented by red in Figure 3.7(b)) and can be compared with
the spectrum to understand the TERS enhancement. For Bi2Te3, the enhancement
observed is ∼ 40%.
The selection of bismuth telluride was mainly due to its proven temperature re-
sponse with the shift in the position of Raman peak as observed in Chapter 2. There
was no record of observed TERS enhancement from a bismuth telluride flake in lit-
erature as of today. The enhancement introduced by the tip on other materials are
reported to many-folds higher (Pettinger, 2006). But the enhancement observed in
this case is relatively low. An area scan of the Bi2Te3 flakes, was carried out with the
tip and without the tip. The collection time for each point was chosen to be just a
second to keep the scan duration as small as possible. As longer scans can introduce
an instability that can affect the positioning of the piezo-controlled objective.Figure
3.12 shows an AFM scan of a Bi2Te3 flake along with the TERS scan (with tip) and
a Raman scan of the flake (without tip).
Two problems were observed from the scans shown in Figure 3.12, the increased
background far-field signal and sample heating damaging the flake under study. The
increase in background when the tip is landed and a TERS spectrum is obtained
can be seen in Figure 3.8(d). This is most likely attributed to the side-illumination
technique used. It has been reported that the side-illumination setup has a very low
contrast between the near-field and far-field due to illuminating mode of the sample
around the near field area. The setup results in a large excitation area covering the
tip and sample itself. Thus the rise in background may be due to the increased far-
field signal from the sample itself (Mehtani et al., 2005; Nguyen et al., 2007). The
contrast has been improved for such a setup by using a time-stamping background




Figure 3.8. (a)AFM scan showing the topography of the Bi2Te3 flake
with thickness of 25-38 nm (b) Spectral map of the E2g peak recorded
with the tip landed on the flake. (b) Spectral map of the E2g peak
recorded with the tip retracted and outside the optical path. (d)
Raman spectra of a single point on the flake showing an increased
background when the tip is landed. Inset showing the damage to the
flake due to overheating.
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Trials were made to better understand the source for the background. The Au/Si
tip relatively old after fair usage was examined when it was landed on glass substrate
and a Au-coated glass substrate . The spectrum from four points near the vicinity
of the tip as indicated by 3.10(a) are examined . It can been seen from Figure 3.9(b)
and 3.9(c) that there is an increase in background indicated by the green spectra in
Figure 3.9(b), when the Au-coated glass substrate was used. There was no such raise
in background signal observed when glass substrate were used.
(a)
(b) (c)
Figure 3.9. (a) The spectral image obtained by mapping the 520 cm−1
peak of the Si in used Au/Si tip. (b) The spectrum of the four points
indicated in (a) when the used tip is landed on Au-coated glass.(c)





Figure 3.10. (a) The spectral image obtained by mapping the 520
cm−1 peak of the Si in new unused Au/Si tip. (b) The spectrum of the
four points indicated in (a) when the new tip is landed on Au-coated
glass.(c) The spectrum of the four points indicated in (a) when the
new tip is landed on glass.
But when the similar test was carried out using a new unused tip, there was no
increase in background observed as seen from Figure 3.10(b) and 3.10(c). Hence it is
the combination of the used Au/Si tip and the Au-coating glass substrate that results
in an undesired increase in the background signal. This can be due to excessive wear
on the tip after usage. It has been reported that the metallic TERS tips are highly
prone to wear even with very little contact Yeo et al. (2009). The Au substrate
was used to ensure high enhancement and confined due to strong surface plasmon
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resonance. It has been reported that Au substrate produces a enhancement nearly
5 times greater than that of a dielectric material (Yang et al., 2009). The worn
tip may results in an unclean tip surface near the apex which when used with an
Au substrate had lead to an increase in the background signal. Tip cleanliness is
a major drawback in establishing TERS as a reliable temperature sensor because
even Ar plasma cleaning and solvent cleaning techniques does not ensure a clean tip
(Richards et al., 2003).
Also, it can be seen from the inset in the Figure 3.8(d) that the sample under
observation was burnt while recording the spectrum. The localized and enhanced
EM field around the tip results in Joule heating and brings about an increase in the
temperature in the vicinity of the tip sample interface (Downes et al., 2006). It has
been reported for a Au tip there can be an increase of 100K, for an incident laser power
as low as 1mW and producing moderate tip enhancement (Malkovskiy et al., 2009).
This excessive heating can also result in making the tip unstable and more susceptible
to wear resulting in an increased background as discussed earlier.To maintain a good
signal to noise ratio, the laser power at source is maintained at a maximum of 4mW.
Due to transmission losses, the laser power at the tip would be ∼ 0.6mW. This could
result in at least an increase of around 60K which is still undesirable for temperature
measurements.
If the laser power is lowered to mitigate the sample heating, this reduces the
signal to noise ratio of the Raman peak, the drop in the Raman laser intensity will
also affect the contrast between the near field and the far field signal. And avoiding
the excess sample heating, a reduction in intensity leads to longer scan durations to
improve the contrast which can also result in tip wear. The thickness of the Bi2Te3
flakes varied from 25-125nm. Having a thinner flake would have helped in achieving
better enhancement because of the increased surface plasmon resonance from the
gold substrate. But thinner flakes would be easily damaged due to overheating .
More examples of the scan are documented in Appendix A. Thus TERS imaging of
Bi2Te3 using the existing setup was effectively affected by these drawbacks. In order
53
to understand the TERS capability of the system, experiments were conducted on
established compounds such as brilliant cresyl blue.
3.5.2 Brilliant Cresyl Blue
Brilliant cresyl blue (BCB), IUPAC name (7-Amino-8-methylphenoxazin-3-ylidene)-
diethylazanium dichlorozinc dichloride, is an oxazine dye used commonly for staining
living cells removed from an organism to be examined under microscopy. BCB has
been one of the most commonly used samples for TERS barring Rhodamine 6G
(Rh6G). After Wessel proposed the idea of TERS, it was first experimentally realized
by using an AFM, silver tip on BCB and C60, achieving a spatial resolution of less
than 50nm (Sto¨ckle et al., 2000). TERS enhancement has been reported on BCB
sample while using gold tips on both AFM (Yeo et al., 2007; Vannier et al., 2006)
and STM (Ren et al., 2004; Steidtner and Pettinger, 2008; Stadler et al., 2010).
The sample preparation involves dissolving BCB (Brilliant Cresyl Blue ALD,
Sigma-Aldrich) in acetone solution. The solution is mixed using ultrasonic stirring
for 5 minutes until it is ensured that the crystals are broken down and dissolved. The
solution was then spin coated on to glass substrate. After spin coating the substrate
is baked for 4-5 minutess at 70oC. The resultant substrate thus obtained is a coating
with BCB unevenly distributed on the glass side. The recipe for the BCB coating
was adapted from the BCB samples proven for TERS enhancement from an AFM
(Vannier et al., 2006). The contrast between the far-field and the near-field Raman
intensity obtained from the BCB sample is as seen in the Figure 3.11.
The contrast between the TERS signal intensity and the Raman signal intensity of
the 578 cm−1 BCB Raman peak is ∼ 8 units. The TERS signal intensity, combination
of near field and the far-field signal intensities, can be obtained from the Raman
spectrum when the tip is landed on the BCB sample. The Raman signal intensity or
the far-field signal intensity can be obtained from collecting the spectrum when the
Au/Si tip is retracted from the sample and is removed away from the optical path of
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Figure 3.11. The spectrum shows the contrast between far-field and
near-field Raman intensity. The Red spectral line shows the enhanced
Raman signal when the tip is landed and the blue spectral line shows
the Raman signal when the tip is retracted from the optical path.
the Raman laser. This is an improvement over the contrast obtained from the Bi2Te3
which was ∼ 1.4. The contrast obtained is similar to the reported contrast for Au/Si
AFM tip on BCB (Yeo et al., 2007; Vannier et al., 2006; Pettinger et al., 2012).
To understand the resolution that can be achieved using TERS, a manual line scan
was carried out. The sample stage was moved in steps of 50nm while maintaining
the alignment of the laser and the tip intact. Mapping the 578 cm−1 BCB Raman
peak intensity with respect to the position along the line, we can understand the
effect of near-field enhancement. Figure 3.12(a) shows the height profile of the BCB
transferred on to the glass. From Figure 3.12(b) it can be inferred that the resolution
is improved when compared with the line scan without the tip 3.12(c). The transition
from the substrate to the BCB is not as sharp as compared to the topography profile
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(a) (b) (c)
Figure 3.12. (a) AFM topography showing the height profile along the
line shown in the inset. (b) TERS Raman peak intensity vs position
when the tip is landed (c) Raman peak intensity vs position collected
without the tip. Note the change in intensity scale between (b) and
(c).
but it is much sharper when compared with the far-field Raman signal. Also it has to
be noted that the peak intensity is much higher in the case of TERS scan with the tip
as opposed to the Raman scan without the tip. The laser spot of the Raman probe
laser is roughly ∼ 1µm, which is an increase from the spot size of 500nm measured,
when used in top illumination mode. The reduced intensity is also the reason for high
fluctuations that is seen in the Raman scan without the tip enhancement.
To overcome the low enhancement observed in Bi2Te3, a thin coating of BCB on
top of the sample is suggested which can aid in improving the resolution using TERS.
A thin uniform BCB coating of few monolayers have been achieved (Vannier et al.,
2006). The sample preparation involves dissolving the BCB onto an ethanol solution
and spin coating a 20µL solution on to the glass substrate at 1500 rpm for 2 minutes.
Temperature calibration as elaborated in Section 2.2.1 was carried out to understand
the peak shift coefficient with respect to change in temperature. From Figure 3.13(b),
the peak shift coefficient of the peak can be estimated as 0.008 cm−1/K. This peak
shift observed for BCB is relatively low compared to the peak shift coefficient observed
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(a) (b)
Figure 3.13. (a)The shift in the 578 cm1 peak of brilliant cresyl
blue with respect to temperature (b) Plot between the Raman peak
position vs Temperature for the 578 cm−1 Raman peak of BCB.
for Bi0.1Sb1.9Te3 which was 0.0167 cm
−1/K. Hence, BCB can be used only to detect
a significant temperature change by coating a thin film on the sample.
3.6 Summary
In this chapter, a side illumination tip-enhanced Raman spectroscopy experimen-
tal setup was achieved by combining an AFM using the Au-coated Si tip and a
commercial Raman spectrometer. The theories behind TERS enhancement and the
optical alignment of the laser and the tip, which is critical in order to achieve TERS
enhancement was discussed in detail. Bismuth Telluride was initially studied, a con-
trast of 42% was achieved between the near field and far field signal intensities due
to the tip enhanced EM field. But an increased background signal and the excessive
sample heating prevented in achieving a better resolution temperature mapping tech-
nique. The increase in background signal intensity is mainly due to wear in the used
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tips. Brilliant cresyl blue (BCB), a proven material with TERS enhancement was
analyzed to check for an improved EM enhancement. The Raman signal intensity
increased by almost 8 folds due to the tip enhancement. Temperature calibration of
the Raman peak shift in BCB concluded that even if a coating of BCB can result in




Raman spectroscopy was utilized as a reliable, non-contact technique to investi-
gate the in-plane thermal conductivity of thin films. The peak shift with respect to
temperature was calibrated as a temperature sensor. This technique was successfully
used to evaluate the performance of Bismuthn-Antimony-Telluride-Selenide material
family.
Micro-Raman thermometry was used to evaluate thermal conductivity of thin
films of Bi0.1Sb1.9Te3 . By determining the thermal conductivity with respect to
varying electrical conductivity, Lorenz number and the lattice thermal conductivity
of the material was determined. These values agrees well with the reported literature
and the Lorenz number falls within the metal and the non-degenerate semiconductor
limit which indicates that Bi0.1Sb1.9Te3 can be a good thermoelectric material at room
temperature.
Further, the Topological surface state effect in Bi2Te2Se films were observed. The
in-plane thermal conductivity was determined for varying thickness of thin films. It
has been observed that for thickness below 20nm there arises an exponential increase
in thermal conductivity. A similar trend was observed in electrical conductivity of
the material as well. This can be due to the contribution of topological surface states
which allow an additional path for thermal transport in these materials.
Efforts were made to improve the resolution of the established micro-Raman ther-
mometry to facilitate nanoscale temperature sensing using Tip-Enhanced Raman
Spectroscopy. The enhancement in the near field signal intensity was observed for
Bismuth Telluride and Brilliant cresyl blue (BCB). In the case of Bismuth Telluride,
the enhancement observed was reduced and had drawbacks such as increased back-
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ground and over heating of the sample which damaged the flakes. While BCB had
nearly 8 folds increase in Raman signal intensity. A uniform layer of BCB can be
coated onto a sample to evaluate temperature with high resolution. But BCB have
a relatively low peak shift coefficient with respect to temperature. This limits the
temperature sensitivity of the system.
4.2 Future Work
Topological Insulators provide an excellent and exciting field of research which is
still in its nascent stages of development . To analyze the effect of the topological
surface states on various other TI’s would lay a good foundation to understand the
underlying physics and pave way to tap the full potential of TI’s.
An improved sensitivity to temperature combined with an enhanced TERS sig-
nal is required to successfully use TERS and realize temperature measurement with
high spatial resolution. As next steps, rhodamine 6G and carbon nanotubes (CNT)
can be considered for obtaining a higher temperature resolution. Rhodamine 6G is
a fluorescent dye that is extensively used for tip-enhanced fluorescence microscopy.
TERS enhancement had been reported for rhodamine 6G using an AFM tip, though
silver tips were the most commonly used (Hayazawa et al., 2000, 2002).Though the
temperature dependence of the Raman peaks needs to be investigated. TERS en-
hancement has been observed for single-wall carbon nanotubes (SWNT) too (Chen
et al., 2014). A threefold increase in signal intensity was observed for a SWNT with
gold-coated AFM tips (Mehtani et al., 2005). The temperature dependence of the D
and the G Raman peaks of CNT was experimentally recorded (Huang et al., 1998)
and the peak shift coefficient for the D peak was 0.019 cm −1/K and the G peak is
0.023 cm −1/K. Thus amongst the two, CNT has been proven to have a peak shift
response for temperature and also exhibits TERS enhancement making it the next
ideal material to achieve nanometer temperature resolution.
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(a) (b)
Figure 4.1. (a) Raman spectrum of CNT showing the temperature
dependence of the D and G Raman peaks. Reprinted with permission
from (Huang et al., 1998). (b) Contrast in the Raman signal intensi-
ties with (Red and blue spectrum) and without tip (black spectrum)
of a SWCNT. Reprinted with permission from (Chen et al., 2014).
The cleanliness of the tip, stability of the tip and life of the tip needs to be
addressed next to develop TERS into a high sensitive temperature sensing technique.
The longer scan durations, due to acquisition time for Raman spectrum in each
pixel, can induce an instability in the optics due to mechanical drift or thermal
expansion too. Also, modeling the heat transfer in case of TERS may prove to
be a challenge. Since in the case of TERS, the heat induced by the incident laser
can be partially conducted by the metallic tip. Also the surrounding media around
the tip can influence the temperature and it has been estimated that the maximum
temperature point is located well away from the tip (Downes et al., 2006). Thus
while modeling the heat transfer care must be taken to consider the heat conduction
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A. TERS SCANS OF BISMUTH TELLURIDE AND BCB
(a)
(b)
Figure A.1. (a) Bismuth Telluride flake as seen in AFM image was
scanned to obtain a Raman image with and without tip. (b) Optical
image showing the damaged flake.
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Figure A.2. Bismuth Telluride flake in the AFM image was scanned
with the tip first and without the tip. But the flake appears to have
been burnt as there is no Raman signal . The laser power at source
was 15mW.
Figure A.3. Bismuth Telluride flake as seen in the AFM image was
scanned with the tip. The flake appears to have been damaged in the
region the scan was carried out. The laser power at source was 8mW.
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Figure A.4. Bismuth Telluride flake as seen in the AFM image was
scanned with the tip. The flake appears to have been damaged but
less compared to the previous scans. The laser power at source was
4mW.
Figure A.5. BCB was scanned with the tip and without tip. Note
that the scan with tip (TERS) has a better resolution than the scan
without tip. Also note the increase in the signal intensity for TERS.
